ABSTRACT Supplier selection for aquatic products E-commerce has aroused widespread concern due to the characteristics of fresh products and the popularity of the network. This paper proposes a novel fuzzy group decision method, which not only integrates quality function deployment (QFD) and improved technique for order preference by similarity to the ideal solution (TOPSIS) but also combines the qualitative analysis and quantitative analysis. Moreover, this method contains two stages, in the first stage, QFD is applied to determine the weights of customer requirements (CRs) and company strategies (CSs) by analyzing the relationship between CRs and CSs, the subjective importance weights of criteria can be derived, in addition, the house of quality (HOQ) is used to characterize the above process. To address the uncertainty in the selection process, intuitionistic fuzzy numbers (IFNs) are provided to describe the imprecise information, which take membership degree, non-membership degree and hesitation degree into consideration; in the second stage, a novel ranking method is proposed based on the improved TOPSIS, the objective importance weights of criteria are obtained, then the integrated importance criteria weights are calculated and a new ranking index is provided to rank the suppliers. What's more, a case study illustrates the effectiveness and applicability of the proposed method. Finally, comparative analysis and sensitivity analysis are carried to demonstrate the robustness and effectiveness of the proposed method. The result shows that the proposed TOPSIS-based method can help companies monitor supplier performance and provide customers with quality products and services.
I. INTRODUCTION
In today's competitive world, the development of China's fresh products market faces enormous challenges and opportunities in terms of competition and consumption concepts.
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processed products produced in marine and freshwater fisheries, which generally include fish, shrimp, crab and shellfish. Due to the high protein content, low fat content, high unsaturated fatty acids, trace elements and dietary fiber, it is becoming one of the important sources of high-quality protein in people's lives, so it is more and more popular among consumers. However, compared with other products, aquatic products are more perishable and deteriorate, and have the characteristics of strong timeliness and high loss rate. More importantly, the demand and sales of aquatic products are affected by their freshness or survival rate. Therefore, the quality problem of aquatic products has become the key monitoring target to improve the market competitiveness of aquatic products companies.
For aquatic products companies, suppliers undertake a series of tasks such as providing raw materials, and operating a series of activities related to the processing of semifinished and finished products in the supply chain. Better aquatic products suppliers can flexibly respond to companies' requirements according to market demand change, which is conducive to the companies to expand the market, improve competitiveness and achieve a win-win situation. The suppliers' selection of aquatic products companies will affect customer satisfaction and the processing operation of the final product, so it is also regarded as the most important strategic decision in aquatic products supply chain [1] .
In the last two decades, with the increasing popularity of fresh products and the popularity of the network, fresh E-commerce has emerged. It has provided a lot of convenience for consumers' lives. The establishment of Yiguo.com in 2005 marked the beginning of domestic fresh E-commerce. With the improvement of the operation mode of fresh E-commerce, by 2013, the development of Shun Feng Express and No. 1 fresh-keeping was active. Next, with the addition of Jingdong and Tmall, domestic fresh E-commerce has entered a period of rapid development, the general structure of the fresh E-commerce supply chain is shown in FIGURE. 1. Therefore, for aquatic products E-commerce companies, how to choose the optimal supplier from a wide variety of suppliers becomes a difficult problem that needs to be considered.
Supplier selection is always an important topic that needs careful consideration for different companies. In order to take all the needs of the company into consideration, assessing supplier performance is usually based on multiple criteria, which is essentially a MCDM problem [3] . In this respect, MCDM techniques can help companies deal with this problem, the common MCDM techniques are Vlsekriterijumska Optimizacija I Kompromisno Resenje (VIKOR), analytic network process (ANP), analytic hierarchy process (AHP), grey relation analysis (GRA), Best Worst Method (BWM), TOPSIS, multi-objective optimization by ratio analysis plus the full multiplicative form (MULTIMOORA). The MCDM techniques can select the optimum supplier among several alternatives [2] , and many literatures have verified the practicality of the method [4] - [7] . Due to the product characteristics of aquatic products, it requires specific technology and equipment to achieve processing, storage and transportation, however, the technical conditions and advanced level of equipment of suppliers are different from each other, in order to select excellent suppliers who are suitable for the company's overall strategic requirements, it is essential to establish an appropriate selection and evaluation system, thus MCDM method is considered to be an effective method in dealing with this supplier selection problem.
This paper aims to propose a comprehensive MCDM framework to enable aquatic product suppliers to understand CRs, identify their own strengths and weaknesses, and develop corresponding CSs to attract customers. However, there are few literatures focusing on the use of the MCDM method associated with the QFD technique to solve the supplier selection problem of aquatic products E-commerce. To compensate for this gap and vacancy, a two-stage hybrid fuzzy MCDM model combining QFD and an improved TOPSIS is proposed, which consists of quantitative analysis and qualitative analysis. First, fuzzy QFD and the improved TOPSIS can be used to derive the subjective and objective weights of criteria respectively, then the weights are integrated to obtain comprehensive importance weights by the subjective preference coefficient, finally a new ranking index is proposed to derive the ranking of suppliers. Due to the superiority of different methods, multi-stage MCDM model using multiple methods can obtain a more reasonable solution than the simple method [8] . In addition, most papers used the closeness coefficient of traditional TOPSIS method to evaluate and rank suppliers. The proposed new ranking index is more novel and reasonable for supplier evaluation and ranking based on the sum of squared weighted distances (SOSWD). The proposed multi-stage TOPSIS-based fuzzy MCDM method is used to solve the supplier selection problem of an aquatic product E-commerce company. In real life, aquatic products are a relatively common and popular type of fresh product. Thus, the result of this case study is of great guiding significance to the supplier selection problem for fresh product companies of other product types, in addition, the performance evaluation criteria system can also provide reference value for supplier performance evaluations for other related companies.
The remainder of this paper is organized as follows. Section 2 provides a review of the related literature. Some related knowledge and the proposed group decision making evaluation model based on fuzzy QFD and the improved TOPSIS are presented in section 3. In section 4, a case study about aquatic product supplier selection problem are considered to verify the validity and practicability of the proposed method. Finally, some conclusions and prospects are drawn in section 5.
II. LITERATURE REVIEW
The research results related to the selection of aquatic product suppliers can be divided into the several categories, the relevant analysis is as follows. VOLUME 7, 2019 FIGURE 1. The structure of the fresh E-commerce supply chain.
A. AQUATIC PRODUCT
China has the largest aquatic product market in the world, which is showing a trend of increasing year by year [9] . Due to the corrosive nature that is different from other products, aquatic products have attracted a large number of scholars to carry out research. Most of the existing research focuses on quantitative analysis of aquatic products, for example, Fabinyi et al. [9] investigated 300 middle-class people's understanding of the consumption patterns of aquatic products and cognition of sustainable development. Han et al. [10] analyzed and evaluated the content and composition of a toxin from 306 aquatic products collected from coastal cities to ensure the safety of aquatic products. There is no doubt that there are always some problems in the development of aquatic products. In response to the problems in the aquatic product processing industry, Yang et al. [11] studied the development status, policy changes and economic performance of China's aquatic products market in the past few decades. Fu et al. [12] surveyed and analyzed the pesticide residues caused by the three pesticides exposed to aquatic products in Northeast China and the potential risks to aquatic products consumers. Subsequently, Morrissey and Michael [13] summarized the future status of aquatic food products research. It can be seen from the above literature that although the research on aquatic products has appeared more frequently in the literature of scholars, the focus is mainly on the consumption patterns of aquatic products, the components of aquatic products, and the policies and potential risks in the development of aquatic products, few studies aim to select and evaluate suppliers of aquatic products based on a range of evaluation criteria from sustainable development perspective.
B. SUPPLIER SELECTION
Recently, many companies are struggling to select the suitable supplier to improve the company's competitiveness. Therefore, the issue of supplier selection has become a key issue generally considered by companies and scholars. Supplier selection takes place in a variety of areas. Divided from the type of the object involved in the supplier selection, it includes not only product supplier selection, but also service supplier selection. For the former, Cárdenas-Barrón et al. [14] studied supplier selection issues for multiple products with multiple in-stock quantities. Kannan et al. [15] took the re-purchasing and supply cycle into account, and selected a quality raw material supplier for Singapore plastics manufacturing companies to improve product quality. Dweiri et al. [16] provided a method for Pakistani auto industry executives to choose auto parts suppliers to improve the quality of the company's cars. Li et al. [17] pointed out that the combination of internal and external resources and business was a key factor that stood out in the fiercely competitive market, then they analyzed the supplier selection problem of shipbuilding companies, who introduced an intelligent system to achieve supply chain coordination. For the latter, Geng and Liu [18] studied the issue of supplier selection in excavator product service systems, which could improve the rescue service function. Zhou et al. [19] considered the importance of recycling, and researched supplier selection issues for end-of-life vehicle recycling services to achieve full use of resources. Xu et al. [20] made a supplier selection of the service performance of a product based on the supplier's historical performance information. Singh et al. [21] thought about the key role of cold chain performance factors in decision making, and selected a suitable the third party cold chain logistics service supplier to facilitate the logistics activities of perishable products. In addition to the long-term implications involved in the supplier selection, it includes green and sustainable supplier selection. Banaeian et al. [22] incorporated environmental criteria into traditional supplier selection practices, and selected the best green supplier for the agricultural product industry to achieve green management of the food supply chain. Yu et al. [23] proposed a carbon footprint-based model to help managers make green supplier selection, where suppliers green factors and environmental investments were taken into account as criteria. Dobos and Vörösmarty [24] incorporated inventory-related costs into the selection of green suppliers, and used management criteria and green criteria as basis for selection to promote green supplier selection. Vahidi et al. [25] considered the risk of operation and interruption, selected sustainability criteria according to the manufacturer's policy, and established a system framework to select an optimal sustainability supplier. Moheb-Alizadeh and Handfield [26] constructed a multiobjective programming model, which took into account the relevant objectives of raw materials, manpower, budget resources, equipment, energy and capabilities for sustainable supplier selection. Kannan [27] focused on the sustainability perspectives of all stakeholders and tested Indian suppliers through a three-stage approach to achieve a successful sustainable supply chain management strategy. Many existing literatures have studied supplier selection, most of them focus on the manufacturing companies, such as the supplier selection of raw materials and parts, etc. Although research on supplier selection has been increasing recently, only a few documents focus on the supplier selection of fresh products, especially the aquatic products.
C. METHODOLOGY
For selection method, there are many reviews using QFD and TOPSIS for supplier selection, evaluation and other issues. QFD is a market-driven approach that translates the voice of the customer into the company's technical requirements so that the company can improve its products and services. the QFD method in early research is mainly used to study the correlation between criteria by constructing HOQ matrix containing various criteria. Karsak and Dursun [28] proposed a fuzzy multi-attribute group decision making framework for supplier selection, which integrated QFD and data envelopment analysis (DEA) and considered the impact of intrinsic dependence between supplier evaluation criteria by building HOQ, finally ranked suppliers. Karsak and Dursun [29] used the HOQ to explain the relationship between customer demands and products purchases. In addition, they also considered the impact of internal dependencies on the evaluation criteria, and finally ranked the suppliers by constructing two HOQ matrices. Yazdani et al. [30] used Decision Making Trial and Evaluation Laboratory (DEMATEL) to resolve the relationship between customer demands, the QFD model was applied to construct a correlation assessment matrix, and finally the proportional evaluation was used to determine the ranking of alternative suppliers. Tian et al. [31] proposed a QFD-based framework, and then QFD was used to analyze the correlation between CRs and CSs by constructing the HOQ, and finally integrated three MCDM techniques for performance evaluation. TOPSIS is one of the significant and practical methods for supplier evaluation and other ranking problem. It is of practical significance to find a solution based on the closeness coefficient. Junior et al. [32] used the fuzzy TOPSIS to select supplier of the company in the automobile production chain, and compared this method with the fuzzy analytic hierarchy process (FAHP) based on a series of factors. The result proved that fuzzy TOPSIS was more suitable for supplier selection problems. Kannan et al. [33] presented a model applying fuzzy TOPSIS to evaluate suppliers for electronics companies. Cao et al. [34] developed a TOPSIS model integrating intuitionistic fuzzy set theory to rank suppliers, where the innovation was the use of sensitivity analysis to observe the impact of the change of weights on the ranking of alternatives. Biswas et al. [35] extended the TOPSIS to a single-valued ambiguous environment, and used a single-valued neuron set to process incomplete information and deal with the MCDM problem. In summary, we can conclude that QFD and TOPSIS are effective and widely used methods for solving MCDM problems. However, as the complexity of the problem increases and the requirements for the solution method increase, how to use QFD flexibly and how to improve TOPSIS becomes an important problem that scholars need to study.
In most of the above studies, a key problem of supplier selection is how to deal with uncertain information of the evaluation process. In many cases, crisp values are insufficient to simulate realistic scenes, just as the evaluation of experts usually has certain subjectivity, as a result, it cannot be represented by precise numerical values, a more convinced measure is to use linguistic variables to help resolve the uncertainty of the expert evaluation. In addition, as the complexity of decision-making process is increasing [36] , [37] , in order to obtain a more objective ranking result, alternatives are often evaluated by using MCGDM method. To quantify language assessment information, many authors applied MCDM techniques based on fuzzy set concept to evaluate and rank alternatives [38] - [41] . Shemshadi et al. [42] provided a VIKOR-based model to select the most suitable supplier, where trapezoidal fuzzy numbers (TFNs) was used to convert DMs opinions in the form of linguistic terms into fuzzy numbers. Cao et al. [34] developed a TOPSIS model combined with an intuitionistic fuzzy set to select the optimum supplier. Mousakhani et al. [43] applied interval type-2 fuzzy sets to TOPSIS method to determine the weights of DMs, and proposed a ranking index based on Hamming distance for ranking suppliers. Tian et al. [31] proposed a method combining three MCDM methods to obtain the performance evaluation result, in which they used triangular fuzzy numbers (TFNs) to quantify language assessment information. More and more authors use fuzzy set theory and its extensions to solve MCDM problems with imprecise information of decision values, in order to quantify these linguistic variables, we use IFNs to select the optimum supplier under uncertain language assessment environments in this paper.
Another important issue is the determination of the weights of the criteria. The common method for determining the subjective criteria weights is the order relation analysis (G1 method) and BWM [44] . The common method for determining the objective weights is the entropy method [45] . Because the weights of the criteria have great influence on the final ranking result of the evaluation objects, in this paper, subjective weights determined by QFD method and objective weights determined by improved TOPSIS are integrated to get more accurate decision results.
Finally, we summarize and compare the important features of this paper with previous studies in TABLE 1 . From TABLE 1, it can be seen that in recent years, the MCDM methods and the uncertain approach used in this paper have been proved to be effective by the existing literature, and the study areas are various, however, There has not been a study on the combination of QFD, TOPSIS, intuitionistic fuzzy sets and aquatic product E-commerce supplier, based on this, this paper carried out this research. As a result, the main contributions of this paper are as follows:
(1) From the literature review, we can see that most of the early research on aquatic products focused on qualitative research, and few literatures used quantitative research methods to study aquatic products. It is an obvious innovation to use quantitative methods to select aquatic product E-commerce suppliers.
(2) Most of the existing literature focused on supplier selection in production, processing and manufacturing companies, and only few papers studied the assessment of fresh product suppliers, especially aquatic product E-commerce suppliers. Another innovation is the use of specific criteria and MCDM technology to conduct research on aquatic product E-commerce providers.
(3) This proposed MCDM model extended the TOPSIS method based on a specific evaluation criteria system and weight determination method. QFD is often applied to analyze the relationship between customer voice and technical requirements. It is rare to be used to calculate the subjective weights. TOPSIS is usually applied for ranking, however, it is used to calculate objective weights and rank here. The new ranking index proposed is more novel and reasonable for supplier evaluation and ranking based on the SOSWD.
(4) To explore the impact of DMs and criteria weights changes on the ranking results, sensitivity analysis of DMs and criteria weights fluctuations was performed to verify the robustness of the proposed method.
III. THE PROPOSED MCDM MODEL
This section introduces some related knowledge, including the concept and calculation formula of intuitionistic fuzzy set theory and the source and application of linguistic variables. Then, a two-stage fuzzy MCDM model integrating QFD and the improved TOPSIS is established, and a new supplier selection index is proposed to derive the ranking results. Among them, the theoretical application and analysis process of QFD and the improved TOPSIS method are described in detail. The specific steps of the proposed MCDM model are shown in FIGURE. 2.
Stage 1: Derive the subjective importance weights of CSs.
At this stage, the CRs and CSs are identified in advance. In order to make a reasonable assessment of the qualitative criteria, the points of DMs view are also considered. Then the aggregated weights of CRs and the interrelation between CRs and CSs are determined based on the expert evaluation. Finally, the subjective importance weights of CSs are calculated.
Stage 2: Calculate the objective importance weights and SOSWD index.
At this stage, the alternatives and criteria are first determined and the decision matrix is derived based on the collected data. Then the objective importance weights of criteria are obtained according to a Lagrangian function, which is constructed based on the standardized score decision matrix, next, the subjective and objective weights are integrated through the subjective preference coefficient. Finally, the alternatives are ranked according to the value of SOSWD index.
A. FUZZY SET THEORY AND LINGUISTIC VARIABLES
Fuzzy set theory, first introduced by Zadeh (1965) [48] , is used to solve the uncertainty of human subjective cognition. A traditional fuzzy set refers to the membership degree represented by the membership function, which refers to the extent that the elements of a given set belong to the fuzzy set, and its VOLUME 7, 2019 degree of membership takes any number in [0, 1]. Although traditional fuzzy set can express some uncertainty problems, it cannot express all fuzzy decision problems. Intuitionistic fuzzy set (IFS) is a set of extension based on traditional fuzzy sets, it not only contains the membership degree information, but also takes the non-membership degree information and the hesitation degree information into account. Therefore, it has greater flexibility and practicability than traditional fuzzy set in dealing with ambiguity and uncertainty. With the development of intuitionistic fuzzy sets (IFSs) theory, the application of IFSs to solve the MCDM problems has also made great progress.
Next, we make a brief review and summary of the concepts and algorithms of IFS [46] , [49] - [51] . The basic definitions are described below and in Appendix.
Definition 1: Let α = (µ, ν) be an intuitionistic fuzzy number (IFN), then S (α) = µ − ν is the score function of α, where
Definition 3: For an IFS X = {x 1 , x 2 , . . . , x n }, A and B are two IFSs defined on X , and the normalized Hamming distance between A and B is expressed as:
where
indicates the degree of hesitation of the element x in X belongs to A. Definition 4: For an IFN α = (µ, ν), d + and d − are normalized Hamming distance from α to the maximum IFN α + = (1, 0) and the minimum IFN α − = (0, 1) respectively, then the relative closeness of α relative to α + is expressed as:
In addition, the larger C (α) is, the larger IFN α is. Linguistic variables, also proposed by Zadeh (1975) [52] , which is often applied to process the qualitative assessment results, it is very effective to handle situations that cannot be accurately defined in qualitative contexts and plays an important role in expressing qualitative assessment information. In this paper, we use them to represent qualitative expert assessment results of CRs and CSs. By referring to the representation of existing intuitionistic fuzzy linguistic variables [53] - [55] , the conversion rules between linguistic variables and IFNs are shown in 
B. THE MCDM MODEL
QFD is a technique that transforms consumer's demands into technical requirements for product and service. HOQ is an intuitive matrix framework that is a tool for QFD method. In the supplier selection problem, the CRs, also known as WHATs, is the left wall of the HOQ, indicating the customer's voice, that is, what the customer needs. The CSs also known as HOWs, is the ceiling, indicating measures taken by companies for customer requirements, that is, technical requirements. Then, the relationship matrix of WHATs and HOWs matrix is established by the correlation between CRs and CSs. The detailed description of QFD is shown in FIGURE. 3.
TOPSIS is an effective method for solving MCDM problems and can be used in many decision areas. The basic principle is to rank alternatives according to the distances from any solution to the positive and negative ideal solutions. If the solution is close to the positive solution and away from the negative solution, it is the best solution, on the contrary, it is the worst one. It is a method for comprehensive evaluation of various objects under multiple criteria through decision matrices. The specific structure is listed in FIGURE. 4. However, the traditional TOPSIS has the following disadvantages in use:
(1) The calculation of the normalized matrix is much complicated, while it is not easy to get positive and negative ideal solutions.
(2) Criteria weights are determined in advance, and its value is usually subjective, so it has certain randomness. 
C. THE PROPOSED TWE-STAGE FUZZY MCDM MODEL
In this subsection, a two-stage fuzzy MCDM model is presented. The model combines fuzzy QFD and improved fuzzy TOPSIS to select the optimum supplier for aquatic product companies. Fuzzy QFD is applied to determine the subjective importance weights of the criteria. Improved fuzzy TOPSIS is applied to calculate the objective importance weights of criteria and derive the ranking of suppliers. Compared to traditional TOPSIS, the advantages and differences of the improved TOPSIS used in this paper are explained as follows:
(1) The standardization method of the decision matrix is different. The decision matrix standardization method used in improved TOPSIS is relatively simple and the calculation is not complicated.
(2) It is not necessary to construct a weighted normalized decision matrix in the improved TOPSIS, thus reducing the amount of computation. (4) The method of determining the weight is different. The weight used in the traditional TOPSIS is given in advance, subjective consciousness is strong. However, the weight used in the improved TOPSIS is determined by a Lagrangian function constructed based on the positive and negative ideal solutions and the standardized decision matrix, which is more objective.
(5) The ranking index is different, the traditional TOPSIS is ranked based on the relative closeness coefficient. However, the improved TOPSIS is ranked based on the SOSWD index.
Moreover, the proposed model contains both qualitative and quantitative analysis. The qualitative evaluation results of CRs, CSs, supplier and supplier evaluation criteria are expressed by the linguistic variables, and then the linguistic variables can be converted into corresponding IFNs according to the expert's rules as shown in TABLE 2. The quantitative evaluation results are expressed by IFNs, which are based on background information and collected data.
The following data are represented by IFNs, and the operation process follows the algorithm of IFNs.
Stage 1: Derive the subjective importance weights of CSs. Suppose that there are M DMs (m = 1, 2, 3, . . . , M), the importance weight that is assigned to DMs is a m , which is represented by IFNs. The number of the CRs, that is WHATs, is given by N (n = 1, 2, 3, . . . , N) and CSs, namely HOWs, is given by Q (q = 1, 2, 3, . . . , Q). Then a QFD model is established, which contains the requirements and strategies matrix and the relationship matrix, as shown in FIGURE. 6. The steps of the first stage are as follows.
Step 1: Aggregate weights of CRs (WHATs) based on subjective judgments of DMs.
The relationship matrix 1, connected to CRs and DMs, represents the importance rating of CRs according to the subjective judgment of DMs, the evaluation results of the nth customer requirement (CR) made by the mth decision maker is represented by b nm , then the aggregated weights B n of CRs according to the importance of DMs can be calculated as follows.
Step 2: Aggregate weights of the relationship matrix between WHATs and HOWs.
This step is based on the establishment of the relationship matrix 2, which expresses the impact of HOWs on WHATs or the contribution of HOWs to WHATs evaluated by the DMs using linguistic variables. We use d nqm to represent the contribution of the evaluation of the nth CR made by the mth DM with regard to the qth CR. Then, we can get the aggregate weights of the relationship matrix of WHATs and HOWs by using the following equation, the results are represented by D nq .
Step 3: Calculate the subjective importance weights of CSs (HOWs).
The most important step in this stage is to calculate the weights of the HOWs, that is, CSs, which can be represented by H q . IFNs are used to represent the results.
Step 4: Normalize the subjective importance weights.
where H 0 q (q = 1, 2, 3, . . . , Q) denotes the normalized subjective importance weight of qth criterion, which is expressed by crisp value. C(H q ) denotes the score value of the subjective weight of the qth criterion.
At this stage, we calculate the weights of the CSs, since the HOQ matrices of the step 1 and step 2 are derived from the subjective evaluation of DMs in the process of determining the weights, with some subjective uncertainty, the calculation result of the QFD method is greatly influenced by the DMs' decision-making, therefore the final CSs weights can be considered as subjective importance weights and will be used for the next stage.
In this stage, an improved TOPSIS is proposed, which not only retains the advantages of the traditional method, but also overcomes its shortcomings. The specific steps are as follows.
Assume that there are I criteria, P = {P 1 , P 2 , . . . , P I }, the corresponding weights of I criteria are w 1 , w 2 , . . . , w I , S suppliers.
Step 1: Derive the decision matrix X . Collect data of the suppliers relative to each criterion, the decision matrix is obtained. The elements are represented by x si , which refer to the decision value of the sth supplier relative to the ith criterion and are denoted by IFNs.
where 2, 3 , . . . , S; i = 1, 2, 3, . . . , I.
u si indicates the degree of fulfillment of the ith criterion by the sth supplier. v si indicates the degree of deviation the ith criterion by the sth supplier.
Step 2: Derive the score decision matrix X . Calculate the relative closeness C (x si ) as the score of x si (s = 1, 2, 3, . . . , S;i = 1, 2, 3, . . . , I) according to Eq. (2), then the score decision matrix X is obtained, the elements are expressed by crisp values, where
Step 3: Normalize the score decision matrix. There are dimensional differences in the data of different criteria and it is necessary to normalize the original data to eliminate the influence of different criteria dimensions and unify them all into benefit criteria to obtain a normalized matrix R, the normalized decision value of the sth supplier with respect to the ith criterion is represented by r si , where 
For benefit criteria,
For cost criteria,
where C(x i ) max is the maximum score value of the ith criterion. C(x i ) min is the minimum score value of the ith criterion.
Step 4: Determine positive and negative ideal solutions A + and A − , respectively.
The positive ideal solution is generally the best solution envisaged, the corresponding value is the maximum value of all solutions relative to each criterion, the negative ideal solution is to assume the worst solution, and its corresponding value is the minimum value of all solutions relative to each criterion. For benefit criteria and cost criteria, the selection rules for ideal solutions are different.
where J represents those benefit criteria; J represents those cost criteria. r Considering the influence of symmetry on the ranking results, the SOSWD index is considered to be a new ranking index, which is used to rank the suppliers here. The solution steps are as follows.
Step 5a: Determine the objective importance criteria weights.
To make the evaluation as objective as possible and eliminate the influence of symmetry on the ranking result, it is more appropriate to apply the objective calculation method to calculate the weights of criteria, namely, to construct a target planning optimization model based on the numerical information of the normalized score decision matrix, and calculate the weights by the higher mathematical solution method.
The SOSWD from a solution to A + and A − can be determined as:
where f s (w) represents the SOSWD index of the sth supplier.
In the sense of distance, f s (w) is as small as possible. To determine weights vector of criteria, we use the minimum average weighted distance method (MAWD) to construct the following multi-objective programming model [34] .
Because of f s (w) ≥ 0, s = 1, 2, 3, . . . , S. By utilizing linear equal weighted summation method, the above multiobjective planning can be turned into single-objective planning [34] , that is
That is to find the minimum value of 
Let the first-order partial derivative be zero, then we can get
Since the weights are calculated from the actual data of the internal statistics of the suppliers, it does not involve the subjective will of the human being, and the result is objective and fair, so it can be regarded as the objective importance weight.
Step 5b: Calculate the comprehensive importance weights of criteria.
The establishment of the target planning optimization evaluation model is based on the numerical information of the normalized score decision matrix, and operating according to the existing objective data, eliminating the influence of subjective factors and ensuring the objectivity of the criteria importance.
However, in the face of actual problems, some data may have inevitable errors due to technical problems, or data errors caused by human factors, the conclusions obtained solely by objective data are difficult to guarantee credibility. VOLUME 7, 2019 Therefore, the objective weights of criteria obtained in this stage can be effectively combined with the weights of criteria obtained by other subjective methods to ensure the credibility and accuracy of the results. The DMs evaluation can fully consider the subjective preference of the person, combine the objective weights of criteria obtained in stage 2 with the subjective weights obtained from the DMs evaluation in stage 1, and then a more credible criteria importance can be derived by a subjective and objective comprehensive weight calculation method.
Assume that the weights of criteria obtained by Eq. (7) is w m , the weights of criteria obtained by Eq. (22) is w n . Introduce subjective preference coefficient α of criteria importance, then the comprehensive importance weights of criteria w l is determined [31] .
where α is determined by the expert, and 0 ≤ α ≤ 1, the greater α, the more the expert pays attention to the subjective result. In particular, when α = 1, the expert is extremely subjective, at this time w l = w m , when α = 0, the expert is extreme objective preference, at this time w l = w n . This parameter is usually fixed at 0.5, which means that two weights are equally important.
Step 5c: Calculate the SOSWD index f s (w) of each solution.
Step 6: Compare f s (w) values and derive the ranking result of suppliers.
IV. CASE STUDY
In this section, the proposed integration model is used to evaluate the performance of four alternative suppliers about aquatic product and select the optimum suppliers. First, the aquatic product E-commerce supplier performance evaluation criteria system is determined based on the background information. Second, the proposed two-stage fuzzy MCDM model is used to evaluate and prioritize suppliers. Finally, comparative analysis of different MCDM models and sensitivity analysis about the weights of DMs and subjective preference coefficient α are used to verify the robustness of the proposed method.
A. BACKGROUND INFORMATION
For an aquatic products E-commerce company, the demand is generated based on its forecast and historical sales data, and then the company determines the corresponding order quantity and sends the order information to the supplier, Finally, the supplier delivers qualified products to the company through a series of operational activities such as processing, storage and transportation. During this process, the company needs to evaluate and choose a best supplier from multiple suppliers offering the same service, who can best fulfill the demands of the customers. In our model, the company is the immediate customer and the provider of the aquatic product is the supplier.
The performance evaluation of aquatic product E-commerce suppliers is constrained by many factors, including customer-oriented criteria and supplier-oriented criteria, as well as including node-oriented, social-oriented, supply chain-oriented criteria. For the customer-oriented criteria, which are divided into five categories of ''price'', ''quality'', ''service'', ''time'', ''packaging'' according to the customer's demands and the customer's expectations of the product, these five categories actually reflect the customer's requirements for companies. For supplier-oriented criteria, in order to improve customer expectations and improve the company's market competitiveness, the suppliers have continuously improved their internal management system through corresponding measures, including the improvements of ''order management system'', ''cold chain technology and equipment'', ''inventory environment'', ''transportation capacity'' and ''service flexibility''. In addition, for node-oriented, social-oriented and supply chain-oriented criteria, it usually improves performance of companies through assets, resources, and strategic synergies respectively. Each major category serves as a primary criterion, and each primary criterion has its own sub-criteria.
Based on the above background information, five CRs and five CSs were used to select the optimum aquatic product supplier, which are explained in detail as follows. Table 3 details the supplier performance evaluation criteria system.
1) CUSTOMER-ORIENTED CRITERIA
The basic requirements of customers are considered to be customer-oriented criteria. This paper refers to the previous research literature, and combined with many related research results, the CRs are divided into five categories according to the actual situation, as follows [56] - [60] .
a: PRICE (CR 1 )
Most people will first consider the price of the product when purchasing a product, and purchase the required product within the economic reach range. Therefore, the price is the primary condition for consumers to buy goods. It includes not only the price of the product, but also the price of the service and the price of the transportation.
b: QUALITY (CR 2 )
The most important criterion for products is quality. With the improvement of the national economic development level, more and more people's requirements for foods has begun to change from quantity to quality. The issue of food safety has been controversial, and purchasing green and healthy food has become a trend that people are pursuing. The quality includes raw material qualification rate, batch inspection rate and batch inspection pass rate.
c: SERVICE (CR 3 )
After meeting the basic demands of price and quality, more and more companies are beginning to attract customers by improving service levels, and customers are also hoping to get a good shopping experience in the purchase. The service, like other tangible products, also emphasizes that products must meet different consumer demands, and good services can enhance customers' purchasing power. The service is customer-oriented, so customer feedback is an accurate reflection of service levels, as a result, customer satisfaction, customer opinion processing rate and customer churn rate are included.
d: TIME (CR 4 )
According to the survey, the shortening of the waiting time can improve the customer satisfaction. Duo to the high corrosive nature of the aquatic products, the longer the logistics time of aquatic products, the worse the quality of the products and the lower the value of the products., so how to deliver the product to the customer in the fastest time becomes a problem that a company needs to think about. Therefore, a company improves efficiency by reducing time in all aspects of production to distribution, including average processing time, transportation time, and delivery time. Packaging usually refers to some containers, materials and auxiliary materials, which have three functions, one is to protect the product, the other is to facilitate storage and transportation, and the third is to promote sales during the circulation process. It also refers to some operational activities when using packaging. Of course, people are gradually pursuing product packaging, good packaging not only protects the products from being worn out during transportation, but also attracts customers because of the refined appearance. In general, the packaging includes easy to open, not easy to wear, green packaging.
2) SUPPLIER-ORIENTED CRITERIA
In response to CRs, the supplier's strengths are assessed by companies based on who can best fulfill the customer's demands. In this paper, we translate CRs into CSs, which are actually supplier evaluation criteria, including five major criteria with fifteen sub-criteria. They are briefly described as follows [24] , [57] , [58] , [61] , [62] .
a: ORDER MANAGEMENT SYSTEM (CS 1 )
The order management system refers to a system that can receive customer order information and inventory information, then classify the orders according to the customer and the importance of the order, finally configure the inventory of different storage locations and determine the delivery date. The order management system affects the operation of the entire logistics system, and further affects all aspects and determines the efficiency of all processes. In addition, the order management system can implement real-time supervision and management of the entire operation process of the product to ensure that the transportation process is carried out in an orderly manner. Order management system includes these three sub-criteria: order processing efficiency, on-time delivery rate and information interaction capability.
b: COLD CHAIN TECHNOLOGY AND EQUIPMENT (CS 2 )
Cold chain technology and equipment refer to the technologies and equipment required to ensure that the products are always in the specified low temperature environment of all stages from production, storage, transportation, and sales to consumption, including cold storage capacity, number of refrigerated trucks, information technology equipment. In order to ensure the smooth flow of cold chain logistics and the quality of the final product, many technical means and advanced equipment are needed as support. The use of advanced technology and equipment can improve the design and operation quality of the organization. The more advanced, the higher the maturity of the organization.
c: INVENTORY ENVIRONMENT (CS 3 )
The inventory environment refers to the state in which the inventory established by the company to meet daily needs in a normal business environment. The characteristics of aquatic products make aquatic products require a demanding inventory environment, including requirements for temperature, humidity, and sanitary conditions, which affect the quality of food. At the same time, the factors affecting the inventory environment include inventory preservation capacity, inventory level, and warehouse storage capacity. It is not only related to the quality of the entire logistics system, but also related to people's health.
d: TRANSPORTATION CAPACITY (CS 4 )
Transportation is the main logistics activity to create space utility. Transportation refers to long-distance, low-variety, large-scale trunk transportation. Cold chain transportation is one of the most costly parts of the whole logistics process. To achieve the purpose of fresh-keeping and ensure the freshness and food safety of frozen foods, it is necessary to have a high transport capacity. The transportation chain needs the support of cold chain technology, the transportation process must always maintain the most suitable temperature environment, this is where the cold chain transportation is different from ordinary cargo transportation, it is also the most important factor in the cost of cold chain transportation over other modes of transportation. Its main purpose is to reduce corrosion and damage during product transportation, so transportation capacity includes cold chain rate, cargo damage rate and corrosion rate.
e: SERVICE FLEXIBILITY (CS 5 )
Service flexibility refers to the ability to adapt to changes in customer demands when dealing with customer service demands. Nowadays, more and more companies are increasing their visibility and market competitiveness through services, and thus attracting a large number of customers. Service flexibility includes the attitude of the delivery personnel, flexible delivery and flexible picking. The improvement of service flexibility can improve the service level of the operation link more comprehensively, and can make customers have an excellent shopping experience.
In this evaluation criteria system, among all the primary criteria, price (CR 1 ) and time (CR 4 ) are cost criteria, others are benefit criteria, the evaluation values of the criteria are expressed by linguistic variables.
B. SUPPLIER EVALUATION PROCESS
The proposed method is applied to select supplier of aquatic products E-commerce. In order to obtain more convinced assessment results, a decision group is established, who can conduct language assessments of qualitative criteria. The decision group includes five DMs related to aquatic products, they are two managers of the aquatic products E-commerce company, an official of the public food department, a customer and a decision making professor respectively. The managers of the aquatic product E-commerce company are the persons who are the most familiar with the production and sales of aquatic products, they are selected from the different department of the company. The official of the public food department is a manager who has been engaged in food safety testing for a long time. The customer has long been eating aquatic products and is accustomed to online shopping, who can be considered as a potential customer of the aquatic product E-commerce company. The decision making professor is an expert who has done a lot of research in the field of aquatic products. They are considered to have sufficient knowledge and experience to address aquatic product evaluation issues. They are given weights according to the importance of making decisions, the degree of importance is divided into three levels, less important DMs are set (0.1, 0.7), while generally important DMs are set (0.4, 0.4), and very important DMs are set (0.7, 0.1), the weight distribution is shown in TABLE 4 , it indicates that the assessment made by two DMs is very important, one DM is generally important and two DMs is less important. Since the customer selection is random and lacks professionalism, it is given weight (0.1, 0.7), the official of the public food department tested foods extensively, but has not focused on the research of aquatic products, it is also given weight (0.1, 0.7). However, the decision making professor has carried out a large number of qualitative and quantitative research in the field of aquatic products, it is given weight (0.7, 0.1), the two managers are given weights (0.4, 0.4) and (0.7, 0.1) based on the level of awareness of aquatic products.
There are five CRs and five CSs that have been identified as criteria for aquatic product Ecommerce supplier selection, which are based on detailed market survey about fresh products and related research by scholars, as shown in DMs experience. CRs is first assessed by the DMs as an input to the QFD and provides an importance rating of them, the linguistic assessment specified by experts is shown in TABLE 6.
Then these linguistic terms are converted to the IFNs. Taking into account the weights of the DMs, we need to weight the results of the assessment, this is called aggregated weight, which is calculated according to Eq. (5), the results can be seen in TABLE 7. Subsequently, based on the correlation matrix of the HOQ, the correlation between CRs and CSs can be derived. The evaluation values not only indicate the degree to which CSs satisfies CRs, but also represent the contribution of WHATs to HOWs, the values are evaluated again by the DMs, the language variable is still used, and quantified by IFNs, the linguistic assessment result is demonstrated in TABLE 8 and the aggregated weights of correlation matrix between CRs and CSs is shown in TABLE 9, which are calculated according to Eq. (6) .
After obtaining the aggregated weights of the CRs, then based on the relationship matrix between the CRs and the CSs, we can get the importance weights of CSs from Eq. (7), which are the importance weights of supplier evaluation criteria. Then the obtained subjective importance weights expressed by the IFNs can be converted into crisp values according to Eq. (2), expressed as score values based on Hamming distances and then normalized by Eq. (8) . The calculation result is shown in TABLE 10.
Next, a decision matrix is constructed for four alternative suppliers, A 1 , A 2 , A 3 and A 4 , from the collected data, the elements indicate the extent to the suppliers meets the criteria, which are also presented by IFNs, these elements are represented by actual statistics of the sub-criteria. For example, the evaluation value of the decision matrix of a supplier's order processing system is reflected by the company's order processing rate, on-time delivery rate and information interaction rate. We can calculate the decision matrix by counting the total number of orders, the order processing times, the number of orders that have not been completed due to supplier reasons, the total number of orders and the number of orders cancelled due to the company reasons. Let the ratio of order processing times to the total number of orders be the membership degree of the decision matrix element. The ratio of the number of orders that have not been completed due to supplier reasons to the total number of orders is the non-membership degree. The ratio of the number of orders cancelled due to company reasons to the total number of orders is hesitant degree. As shown in the TABLE 11 below.
According to the improved TOPSIS, the score decision matrix is calculated according to Eq. (2) based on the Hamming distance, and then the score decision matrix is normalized according to Eqs. (12) and (13) . The results can be seen in TABLE 12.
Next step, the positive and negative ideal solutions are determined, and the objective importance weights of the criteria are calculated by constructing a higher mathematical function as Eq. (16) . The final integrated weights are obtained by taking the subjective preference coefficient by 0.5. As shown in TABLE 13.
The final SOSWD index is calculated for supplier ranking by Eq. (16), the result is shown in TABLE 14. Because f s (ω) is as small as possible, therefore, the ranking of aquatic product suppliers is determined, that is A 3 A 1 A 2 A 4 , is considered to be the best supplier.
C. RESULT AND DISCUSSION
In this subsection, comparative analysis and sensitivity analysis are provided to confirm the robustness of the proposed VOLUME 7, 2019 method in this paper. The sensitivity analysis in this subsection consists of two aspects, first, the impact on the ranking of the suppliers in terms of DMs' weights, secondly, the influence of the subjective preference coefficient on final ranking result.
1) COMPARATIVE ANALYSIS OF DIFFERENT MCDM METHODS
We explore the effect of different MCDM methods on the final ranking results. Three common MCDM methods, VIKOR, Complex Proportional Assessment (COPRAS) and GRA are applied to solve the aquatic product E-commerce supplier selection problem. In order to get more reliable ranking results, we also used IFNs to cover uncertain information, and finally the ranking values are converted to exact values to facilitate ranking and comparison. After detailed calculation, the final ranking results are shown in FIGURE. 7. According to FIGURE. 7, it can be found that the VIKOR and COPRAS methods are the same as the ranking results of the method proposed in this paper, namely, A 3 A 1 A 2 A 4 , but the ranking obtained by GRA method is slightly different, that is,
However, although the ranking results obtained by the four methods are not identical, the best and worst suppliers are A 3 and A 4 respectively remain the same. So it can be concluded that the method proposed in this paper can obtain a satisfactory solution and the result is robust.
2) SENSITIVITY ANALYSIS OF THE DMs' WEIGHTS
We observe the changes of the final ranking results by recombining the weights of the DMs. In the case study, we give the five DMs the corresponding weights according to the importance of evaluation made by DMs, the weights are (0.1, 0.7), (0.1, 0.7), (0.4, 0.4), (0.7, 0.1), (0.7, 0.1) respectively, the DMs give the language evaluation according to their respective knowledge and ability. In order to verify the impact of DMs' weight changes on the final ranking, a sensitivity analysis is performed, by changing the weight of the DMs, the weights are recombined to obtain 27 possible combination results, thereby calculating the value of SOSWD under the corresponding weight combination, finally ranking according to the values. The ranking results are shown in TABLE 15 .
From TABLE 15, we can see that regardless of how the weights are combined, the values of SOSWD only fluctuate slightly, and this fluctuation does not affect the final ranking result, the ranking of the suppliers remains unchanged, A 3 A 1 A 2 A 4 , A 3 is always considered to be the best supplier. In terms of the weight distribution and value of the DMs in this paper, this result shows that it is robust of the proposed method and the final ranking result is not affected by the DMs weights. In addition, we can also conclude that it is not necessary to consider the weights of the DMs when making supplier selection.
3) SENSITIVITY ANALYSIS OF THE SUBJECTIVE PREFERENCE COEFFICIENT α
In order to observe the influence of the change of the subjective preference coefficient α on the ranking result, we change the value of α from 0.1 to 0.9, and observe changes of SOSWD index f s (w), abbreviated as f s , the overall change is shown in FIGURE. 8. When 0.1 ≤ α < 0.5, the objective importance weights are considered as the main part of the weights of the criteria, and the impact of CRs and CSs to the subjective weights is weakened. On the contrary, when 0.5 < α ≤ 0.9, the subjective importance weights are considered as the main part of the weights of the criteria, the impact of the decision matrix consisting of the collected actual data to the objective important weights is weakened. When α = 0.5, the subjective and objective importance weights are equally important, and they play the same role in the final weights of criteria. As can be seen from the figure, as α grows, f s hardly changed, so we magnify the figure to observe the change of the value of the SOSWD index f s of each supplier with α. As shown in FIGURE. 9, we can observe that the value of f 1 decreases as α increases, but the value of f 2 , f 3 and f 4 increase with the increase of α, but the change in this increase and decrease is very weak, the fluctuation is not obvious, and does not affect the final ranking result, the ranking result is VOLUME 7, 2019 
V. CONCLUTIONS AND PROSPECTS
Nowadays, the issue of supplier selection has become a hot topic in society. With the increasing popularity of aquatic products and online shopping, establishing a complete supplier selection system for aquatic products E-commerce is an important measure to enhance the company's market competitiveness. This paper constructs a MCDM method based on QFD and improved TOPSIS to evaluate the performance of aquatic product E-commerce suppliers. This method has important practical significance for solving the MCDM problem, the strength of the proposed method is that the practicability under a series of qualitative evaluation criteria. However, this research still has a lot of room for improvement in the future research. The relevant conclusions and prospects are made as follows.
A. CONCLUTIONS
(1) A novel MCDM method integrating QFD and improved TOPSIS is developed to select the optimum aquatic product E-commerce supplier. In this method, the subjective criteria weights are obtained by analyzing the relationship between CRs and CSs based on the QFD. The objective criteria weights are derived through decision matrix based on the improved TOPSIS. α is used to integrate these weights.
(2) A comprehensive aquatic product E-commerce supplier selection criteria system considering the cost and benefit criteria is established. IFNs considering membership degree and non-membership degree simultaneously are used to deal with fuzzy information in uncertain environments.
(3) A new ranking method based on the SOSWD index is used to rank suppliers, which takes symmetry conditions into account and improves the accuracy of the ranking results. The results can help aquatic products companies monitor supplier performance and provide customers with quality products and services.
(4) The comparative analysis between the proposed model and other existing MCDM model is performed and the ranking results demonstrate the proposed model is practical and robust in solving supplier selection problem of aquatic product E-commerce. Moreover, the sensitivity analysis is performed, and the new ranking results are obtained by recombining the DMs weights and changing the subjective preference coefficient α, the result verifies the robustness of the proposed method to some extent.
B. PROSPECTS
(1) In the process of supplier selection of aquatic products E-commerce in this paper, the construction of the criteria system is still insufficient, a more complete aquatic products suppliers selection criteria system should be constructed according to customer demands and product characteristics for further research.
(2) Due to the product specificity of fresh products and the transportation advantages of cold chain logistics, it is better to establish a corresponding supplier selection criteria system to select the optimum third-party cold chain logistics providers in future research.
(3) Other MCDM techniques and fuzzy set theory can be applied to the proposed model and used to solve operational problems.
(4) The selection of suppliers for other products with special transport characteristics such as vegetables, fruits, dairy products and pharmaceuticals can also be the objects of further research. Basic definition 2. Let α = (µ, ν), α 1 = (µ 1 , ν 1 ) and α 2 = (µ 2 , ν 2 ) are three IFNs. Then the algorithms are presented as follows:
(1) α 1 ⊕ α 2 = (µ 1 + µ 2 − µ 1 µ 2 , ν 1 ν 2 ); (2) α 1 ⊗ α 2 = (µ 1 µ 2 , ν 1 + ν 2 − ν 1 ν 2 ); 1 − ν j
